Prediction of salinity is of significant importance to the water management in estuaries. Although nowadays advanced numerical three-dimensional models are available that can provide detailed information on the salinity and mixing processes, there is still a need for simple tools to be performed in order to investigate the resultant effects of physical quantities on the salinity distribution. The analytical analysis presented in this paper may serve these needs. A new analytical form of the salt intrusion model was developed for use in funnel shaped estuaries, where little known about the effects of the channel shape and hydraulic parameters on the salinity distribution. The newly developed analytical model was well-tested against observational salinity data in the Abashiri River estuary under different tidal conditions and river discharge rates.
INTRODUCTION
It is now commonplace for salinity to be employed as a basic indicator for studies of water quality and environment in estuaries because it reflects the resultant effects of various processes (e.g., tidal variation, hydrological flux, wind stress, geometry, and natural or human interference). In order to quantify these effects on salt intrusion, it is of importance to understand the basic relationships between salt intrusion and the involved hydraulic and geometric parameters.
To date, many researchers have explored the time-averaged salinity in tidal estuaries by considering the balance of salt fluxes through a vertical cross-section 1),2), 3) . They recognized the importance of tidally averaged properties, particularly the exchange flow, stratification, and channel shape, and developed equations governing these properties. Starting from the first classical theoretical framework of tidally averaged circulation developed in the mid-twentieth century 1) , a great deal of work has been done for investigating the salt intrusion, varying from partially-to well-mixed estuarine systems. Most of the previous studies were conducted for investigating the salt intrusion length and salinity profile, considering the steady state under tidally averaged conditions. Herein, our attention is focused on the spatial distribution of the salinity by adopting a tidally averaged (TA) approach, in which the advective salt transport caused by river flows is assumed to be balanced by the dispersive transport caused by tide-driven processes. In such a steady-state condition, a major problem is that how to employ the derived governing equations for the other cases of different tidal conditions, e.g., high water slack (HWS) and low water slack (LWS). Previous studies pointed out that the salinity level reaches its maximum and minimum at HWS and LWS, respectively, at which the tidal velocity becomes zero. Savenije 3),4) developed a theoretical framework for the salt intrusion under TA, HWS, and LWS conditions. The longitudinal salinity curve at TA can be shifted landward or seaward over half of the tidal excursion to obtain the curves at HWS and LWS. This solution has been tested for a number of estuaries with various kinds of estuary shape including prismatic channels (with constant width) and relatively long convergent channels. However, verifications should indicate whether such an approach is justified, or it requires modifications so that it can be used for other types of the estuary shape, e.g. the funnel-shaped estuaries 5) . In coastal plain estuaries, the erosive power of the tide is high at the mouth. The tidal velocity tends to decrease upstream due to friction. If the river discharge and sediment load are small, the riverine sediments do not compensate the erosion caused by tidal flow. In such a case, the estuary will expand to form a funnel shape. An extensive erosive power of the tide will make the channel become wider with a short convergence length. In contrast, if the river discharge and sediment load are significant, the channel is only stable if the convergence length is long, otherwise it will fill up with riverine sediments 4) . Consequently, high sediment and water discharge from upstream result channel in a wide and long convergence shape. While the salt intrusion in the latter channel type received much consideration and was well tested with field data, there is still little known on the salinity distribution in funnel shaped estuaries.
The primary objective of this study is to develop a simple tool for salt intrusion in funnel shaped estuaries, which have short convergence length of geometric characteristics. The model is developed based on the steady-state advection-dispersion equation acquired at the TA condition. Using this approach, a simple set of equations for the geometry and tidal hydraulic parameters is obtained, which allows the understanding of the salinity processes under different conditions of the tide and river discharge. The newly developed model is extensively examined using field observations of salinity in the estuary of the Abashiri River (ARE) in Hokkaido, Japan. The ARE is a particular type of short estuary, to which the model is believed to have a wide range of applications.
METHODOLOGY
The geomorphologic equilibrium form of the estuarine channel exhibits an evolution of the cross-sectional area, width, and depth toward the sea 4), 6) . It is often found that the increase in geometric parameters approximates to an exponential function of the form:
where N is the geometric value at a distance from the origin and l n is the convergence length. The variable with subscription 0 refers the corresponding parameter at the estuary mouth, x=0. The variables (i.e., N, N 0 , and l n ) can be replaced with the parameters of A, A 0 , and l a for the cross-sectional area, B, B 0 , and l b for the width, and h, h 0 , and l d for the depth. For estuaries that have different trends in the longitudinal shape of the cross-sectional profile (e.g., expansion or contraction), we can split the estuary into multiple segments. Hence, the estuary shape can be described by the following exponential function:
where i indicates the number of segments, starting from the estuary mouth, and x i is the inflection point. So far, the geometric parameters at the TA are often used to describe the estuary form. This is most valid for short estuaries having funnel shape, where the geometric parameters do not vary much between high water and low water. It is in contrast to the long convergence estuaries that have extensive intertidal floodplain. These estuaries can emerge during a part of the day and submerge during another part of the day 5) . Considering the tidally averaged condition, the one-dimensional salt balance equation can be expressed as follows:
where Q f is the freshwater discharge, which has a negative value since the positive x-axis points upstream, S x is the steady-state salinity at a particular location along the estuary, S f is the salinity of the river water, A is the cross-sectional area, and D is the dispersion coefficient. All variables are functions of time t and distance x.
Various researchers have developed analytical solutions for the salinity distribution based on the form of Eq. (4) 1),3),4),6), 7) . The most difficulty in using Eq. (4) is that the dispersion coefficient is often unknown. Van der Burgh 7) developed an analytical method for the effective dispersion under an equilibrium condition at the TA. The longitudinal variation of the dispersion is given as follows:
where K is the dimensionless Van der Burgh's coefficient, which has a value between 0 and 1. K is so-called the shape factor that influences the shape of the salt intrusion curve, particularly at the toe. K is used to determine the relative strength of the mixing mechanisms. Tidally driven mixing becomes dominant for K0 but density-driven mixing dominates the transport for K1. Considering the exponential variation in the cross-sectional area, the solution for the longitudinal dispersion can be obtained by substituting Eq. (1) into Eq. (5) after replacing N with A and integrating with respect to x. Thus, Eq. (5) becomes:
By substituting Eq. (1) and Eq. (6) into Eq. (4) and integrating it over the estuary length, the salinity at a given location can be determined as:
Equation (8) is the core of the steady one-dimensional advection-diffusion model that estimates the longitudinal salinity intrusion at the TA condition. To illustrate the salinity profiles at HWS and LWS, a similar method as that of the previous studies is applied 1) ,3),4),6), 8) . The salinity at HWS and LWS can be obtained from that at TA by shifting the salinity distribution over a length equal to half of the tidal excursion (E 0 ) in landward and seaward direction, respectively. E 0 is the net horizontal distance traveled by a water particle from LWS to HWS or vice versa. E 0 can be obtained by integrating a sinusoidal tidal velocity over a tidal cycle (E 0 = 0 T/, in which  0 is the tidal velocity amplitude and T is the tidal period).
To compute the salinity distribution curve, values of K and D 0 must be determined beforehand. In this study, the K value was first determined from the fitting of the model against the salinity data measured at the upstream locations. A sensitivity analysis was performed by changing the value of K within a reasonable range (0<K<1). Second, the dispersion coefficient at the estuary mouth, D 0 , was determined by using the form of Eq. (4).
STUDY AREA AND DATASETS
The ARE connects the lake of Abashiri to the Okhotsk Sea in Northeast Hokkaido (Fig. 1) . The estuary plays a vital role to the ecological system of the lake because of its high primary productivity. The total length of the estuary is 7.2 km, and the annual discharge is about 23 m 3 /s. The estuarine water is almost fresh during neap tide. During spring tide, salinity from the Okhotsk Sea can intrude into the lake and perennial well-mixed condition develops 9) . The tide of the Okhotsk Sea is predominantly a diurnal type during spring tide and semi-diurnal type during neap tide. The tidal range at river mouth varies from 0.6 m during neap tide to 1.1 m during spring tide.
Data used in this study are salinity, water level, river discharge, and topography. A series of field Fig. 1 Map of the study area. Brown line with two red dots indicates the cross-sectional profile and red star depicts the location salinity observation. The discharge station is located at 6.9 km from the mouth of the Abashiri River.
I_21 measurements for salinity, water level, and river discharge were conducted by the Hokkaido Development Bureau (HDB), Ministry of Land, Infrastructure, Transport and Tourism. The measurements of salinity and water level were carried out at five locations along the ARE (i.e., 2.5 km, 4.0 km, 5.0 km, 6.9 km, and 7.1 km) from March to December during period of 2005-2009 (see Fig. 1 ). At each location, the salinity was determined simultaneously at three different depths: near the surface, mid-depth, and near the bottom. The measuring interval was 10 minutes. The discharge measurements were conducted at location of 6.9 km from the estuary mouth during the period of [2005] [2006] [2007] [2008] [2009] . During this period, the maximum and minimum daily discharges were 98 m 3 /s and 6 m 3 /s, respectively. The maximum monthly discharge was found to occur in April and May as a result of the snow melting, while the minimum discharge was observed in July during the summer (see Fig. 2a ). In this study, the salinity observed during these two periods of high and low river flows will be used to examine the validity of the developed model. Detailed information on the water depth, width, and cross-sectional area was provided by the HDB for every 0.2 km from the estuary mouth to the upstream end of the ARE.
RESULTS AND DISCUSSIONS
The salt intrusion model presented in Section 2 is applicable only to steady states. Regnier et al. 10) proposed a solution to determine the steady-state equilibrium of an estuary by considering the relationship between salinity and river discharge.
For the case of the steady state, the solution of salinity versus river discharge should be unique at any position along the estuarine system. Figure 2b shows the relationships of the monthly discharge with the monthly maximum and average salinities in the ARE. The relatively approximate homogeneity in salinity was observed for the same river flow which implies the steady state condition of the ARE.
Hansen and Rattray 2) proposed a generalized stratification-circulation diagram for characterizing estuary types, using the stratification level (δS/ S ) that is the ratio of the top-to-bottom salinity difference (δS) to the depth averaged salinity ( S ). , where S T is the stratification number. He showed that the estuary is well-mixed if S T > 400 and stratified if S T < 100. Adopting these limits, then δS/ S < 0.15 corresponds to well-mixed, δS/ S > 0.32 is stratified, and 0.15 ≤ δS/ S ≤ 0.32 is partially mixed. Fig. 3 shows the stratification levels that were calculated for different locations along the ARE using the observed salinity data during a period of spring-neap tidal variation from 14 th to 22 nd of July 2007. It appears that the ARE is well-mixed during spring tide because the stratification level is small (<0.15). During neap tide, there is more stratification near the estuary mouth (at location of 2.5 km) than the middle and further upstream areas. Calculated results of stratification level indicate that the ARE is stratified near the mouth but well-mixed in most part of the estuary length. Thus, the ARE can be considered as a well-mixed estuary, and the depth-averaged salinity can be used as a representative value for the whole cross section. Figure 4 shows the longitudinal variation of the geometry at the TA condition. Magnitudes of the cross-sectional area and width were defined directly from topography data, and the water depth was obtained from the ratio of the area to the width. Geometric parameters computed using Eq. (2) fit the data well. It appears that the ARE's channel exhibits a very short convergence in the downstream segment near the mouth but relatively long convergence in the upstream segment. For this reason, the shape of the ARE should be described by two different exponential functions.
Because of the longitudinal variation in the cross-sectional area, herein, we propose two different equations for estimating the longitudinal salinity distribution by using the form of Eq. (8):
  
where x 1 is the inflection location. The salinity data obtained during the snow melting and summer periods were used to test the salt intrusion model [Eqs. (9) and (10)]. The major input parameters of the model are shown in Table 1 . The calibrated geometric values of the ARE (A 0 , A 1 , l a0 , l a1 , x 1 ) were determined by fitting Eq. (2) against the longitudinal cross-sectional profiles obtained at the TA condition. The K value of 0.1 was chosen since it yielded the best fit for the shape of the salt front. In Table 1 , the tidal excursion E 0 was calculated based on the values of the velocity amplitude, which was estimated from the salinity measurements at locations of 2.5 km and 4.0 km. Since the river discharge (Q f ) and cross-sectional area (A 0 ) were kept constant, the magnitude of D 0 mainly depends on the salinity at the estuary mouth and the longitudinal salinity gradient. In view of the lack of field data at the estuary mouth, D 0 was determined from its values at location of 2.5 km by making use of Eqs. (4) and (6). Figure 5 presents the computed salinity profiles at spring and neap tides during the snow melting and summer periods. Computations were performed from 15 km offshore to location of 20 km onshore. At these two boundaries, the salinity remains unchanged regardless of variations in tidal condition and discharge rate; the salinity is 33 at the seaward boundary and 0.8 at the landward boundary. Due to the lack of topographic data of the Okhotsk Sea and Lake Abashiri, we extrapolated the geometric profiles in seaward and landward directions using the calibrated convergence lengths of l a1 and l a2 . We attribute the fictitious extensions of the estuary length to the future adjustments of the channel morphology. The ARE may increase in length due to imbalances in sediment transport and evolutions of the existing meandering channels. In all computations, the tidal excursion was kept constant over the salt intrusion length. It is clearly seen that the computed salt intrusion curves at different tidal conditions and river discharges are in good qualitative agreement with the in situ data. This underlines the power of the model for the prediction of the salinity distribution. Figure 6 shows the mean standard deviation of the normalized dimensionless salinity at spring HWS and neap HWS for different values of river discharge. The salinity can intrude into the lake only at spring tide for a discharge rate of 30-60 m 3 /s, but at both spring and neap tide for a discharge rate of 15-30 m 3 /s. Effects of the river flow on the shape of the longitudinal salinity curve clearly emerge. Decrease in river discharge leads the salinity curve shifting toward the sea and vice versa. It is noted that the standard deviation is of higher order at the middle part of the salt intrusion length when compared to that at the estuary mouth and upstream end. The salinity gradient becomes higher when the discharge rate increases. The river discharge, therefore, is of importance to the salinity level as well as the shape of the salt intrusion curve in the ARE. This is particularly significance for estuarine species living in the central part of the estuary.
CONCLUSIONS
A new form of the analytical model for salt intrusion was developed for funnel shaped estuaries. The salt intrusion model was developed based on the one-dimensional salt balance equation between the tidally averaged advective and dispersive salt fluxes. The model took the cross-sectional profile, dispersion coefficient, and tidal excursion into account. Application of the model showed excellent reproduction of the salinity distribution along the ARE near the Okhotsk Sea under different tidal conditions and river discharges. Future study of numerical model should be carried out in order to validate the predictions of the developed model under different settings of the dispersion coefficient.
